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Abstract— We investigatethe density-gradient (DG) transport
model for efficient multi-dimensional simulation of quantum con-
finementeffectsin advancedMOS devices.The formulation of the
DG model is described as a quantum correction to the classical
drift-diffusion model. Quantum confinementeffectsare shown to
besignificant in sub-100nmMOSFETs. In thin-oxide MOS capac-
itors, quantum effects may reducegate capacitanceby 25% or
more. As a result, the inclusion of quantum effectsin simulations
dramatically impr oves the match betweenC-V simulations and
measurements for oxide thickness down to 2 nm. Significant
quantum correctionsalsooccur in the I-V characteristicsof short-
channel (30 to 100 nm) n-MOSFETs, with curr ent dri ve reduced
by up to 70%. This effect is shown to result fr om reducedinver-
sion chargedue to quantum confinementof electronsin the chan-
nel. Also, subthresholdslopeis degradedby 15 to 20 mV/decade
with the inclusion of quantum effects via the density-gradient
model, and short channel effects (in particular , drain-induced
barrier lo wering) are noticeably increased.

I. INTRODUCTION

N THE fast-moving electronicsindustry, theclassicaldrift-
diffusion (DD) model of electrontransporthassteadfastly

remainedthedominantmodelfor industrialnumericalsimula-
tion of electronicdevices [1], 50 yearsafter the model’s first
description[2], and 35 yearsafter Gummel [3] describeda
robust numericalsolution method.This uncommonlongevity
stemspartly from momentum(due to familiarity and experi-
ence),but it derivesmainly from thefactthat,with tuningfor a
giventechnology, theDD modelcontinuesto provide a combi-
nation of computationalspeed,robustness,and acceptable
accuracy which hasbeendifficult to matchwith othermodels.
However, thereis a growing realizationthat technologists(not
just researchers)cannot ignorequantumeffectsmuchlonger.
Any refinementor replacementof theDD modelshouldideally
maintainall of its benefitswhile includingquantumeffects.We

describesucha modelandinitial promisingsimulationresults
in this paper.

Clearly, thesemiconductorindustryis in a periodof feverish
advancement,with new generationsof electronicstechnology
beingdevelopedevery2 years,ratherthanevery3 yearsaspre-
dictedby recenthistory [4]. For the industry-dominantMOS-
FET, gatelengthsandoxide thicknessesof productiondevices
will shrinktowards50 nm and1 nm respectively over thenext
decade[5]. This andotherwork shows that quantumconfine-
ment effects will significantly affect the operationof such
ultra-small devices. It is unclearhow well additional fitting
parametersin the classicalDD model can accountfor these
quantumeffects. However, formulating alternative, computa-
tionally efficient, accurate,androbust multi-dimensionalelec-
tronic device modelsincluding quantumeffectshasbeenvery
challenging.Two approacheshave beentakenin theattemptto
meet this challenge:(i) employing full quantummodelsfor
conventionaldevice simulation,and (ii) addingquantumcor-
rections to classical models such as DD.

Thefirst approachincludestheuseof quantummodelssuch
asnon-equilibriumGreen’s function [6] andWigner function
[7]. TheGreen’s functionmodelcontainsa high level of quan-
tum mechanicalandscatteringdetail,but in multi-dimensions
it is many ordersof magnitudemorecostlythantheDD model.
The Wigner function model tradesquantummechanicaland
scatteringdetail for somewhat bettercomputationalefficiency
in comparisonto the Green’s function model, but it suffers
from unsolved numericalrobustnessproblems[8], and is still
muchtoo costly for production-level computations,even in 2-
D. We notethat1-D simulationscanprovide someinformation
aboutelectronicdeviceoperation,but 2-D (or 3-D) simulations
are essentialfor sufficient detail and accuracy for industrial
application.

Thesecondapproachfor includingquantumeffectsin device
simulationsis to addquantumcorrectionsto classicalmodels.
For the DD model in a MOSFET, approximatequantumcor-
rectionshave beenappliedto the inversioncharge profile [9],
thesilicon bandgapneartheoxide[10], andboththebandgap
and the gate oxide thickness [11]. Alternatively, a 1-D
Schrödingercomputationhasbeenaddedto the DD model to
accountfor quantumconfinementeffectsin theinversionlayer
[12], [13]. Theseapproachesmaybecomputationallyefficient,
but they assumea particulardevice structure(MOSFETwith
planargate)andoperatingregion(inversion).In contrast,quan-
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tum correctionsto thehydrodynamicmodel[14], [15] aregen-
eral in terms of allowed device structuresand operating
regions,but they suffer from significantdisadvantagesin com-
putational robustness and cost versus the DD model [16].

In this work, we describea device simulationmodelwhich
usesthesecondapproachto meetthemulti-dimensionalquan-
tum challengewithout the disadvantagesof the approaches
describedabove. This model is the density-gradient(DG)
quantumcorrectionto theDD model[17]. TheDG modeladds
quantumconfinementand (optionally) tunneling to the DD
model in a general,compact,and computationallyefficient
manner. This yields a model which meetsall of the require-
mentsof a replacementfor the DD model. In this work, we
focuson quantumconfinementeffects in MOS devices,using
an implementationof the DG model which doesnot include
quantumtunneling.After describingthemodel,the remainder
of this paper comparesclassicaland DG model simulation
results.First,wecomparecapacitance-voltage(C-V) curvesfor
thin-oxideMOS capacitors,showing a significantreductionin
capacitancedue to quantum confinementof electronsand
holes.We thenshow the large reductionin drive currentof an
ultra-smallMOSFETswhenquantumconfinementis included.
We alsoshow thedegradationof smallMOSFETsubthreshold
slope and the increasein short-channeleffects (DIBL). We
conclude with a summary of these results.

II. DENSITY-GRADIENT MODEL

The drift-diffusion and density-gradientmodelsof carrier
transportin an electronic device can be written identically,
including Poisson’s equationand the electronandhole trans-
port equations:

; (1a)

; (1b)

; (1c)

where is electrostaticpotential, and areelectronand
holedensities, is fixedchargedensity, is permittivity, is
total chargedensity, is electroncharge, is currentdensity,
and and aremobility anddiffusivity of therespectivecar-
riers.

In theclassicalDD model,theelectronandhole“drift poten-
tials” arejust theelectrostaticpotential: = = . In theDG
model,  and  have quantum corrections:

(2a)

(2b)

Theexpressionsfor thequantumpotentials and are
derivedfrom theSchrödingerequation,basedon thefinite cur-
vature (energy) and strict continuity of wavefunctions[17],
[18]. Sincethequantumpotentialsrepresenta neteffect for all
wavefunctions,they do not incorporatequantummechanics

exactly into theDG model,so and maybeusedasfitting
parameters.In this work, we take = =3, which is thehigh
temperaturelimit [19], [20]. The quantumpotentialsact to
smooththe carrier density profiles by reducingtheir second
derivatives(curvature).In fact,theDG modelforbidsdisconti-
nuities in the carrier density profiles.

We focus on quantumconfinementeffects in the industry-
dominantdevice, the silicon MOSFET(Figure1). The effects
of quantumsmoothingoncarrierprofilesin aMOSFEToperat-
ing in inversionaredepictedin Figure2. Classicalcarrierden-
sities (dashedcurves) changeabruptlyat the oxide interfaces
from somelarge externalvalueto zeroin the oxide.Quantum
mechanicalcarrier densities(solid curves) can not change
abruptly. The densitiesmust be continuousacrossthe oxide
interfaces,resultingin significantdifferencesin classicaland
quantumcarrierprofilesnearthe interfaces,andpenetrationof
quantum carrier densities (quantum tunneling) into the oxide.

Returningto the DG model in (1) and(2), the five solution
variablesare , eachof which involvesecond-
order partial differential equations (PDEs). The quantum
potentials and accomplishthe expectedcarrierpro-
file smoothing,andsowill be largestneartheoxide interfaces
where the classicaldensity discontinuitieswill be smoothed
out. In this work, we ignorecarrierdensities(andthustunnel-
ing) in theoxide,andwe setthecarrierdensities and to 0
in this region.Thus,only thesource-lessPoissonequation(1a)
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Figure 1: Basic n-MOSFETstructureand biasing.Bias betweengate
and source contacts controls current flowing between source and drain.
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is solved in the oxide, while the full DG model is solved in
boththegateandsubstrate.In orderfor thecarrierdensitiesto
be continuousacrossthe oxide interfaces,they mustapproach
zero just outsidethe oxide. With this and the usualboundary
conditions(BCs) for the DD model,all of the BCs of the DG
modelarewell definedexceptfor thosefor thequantumpoten-
tials at the oxide interfaces.

The two quantumpotentialshave relatively large,unknown
valuesat the oxide interfaces,sincethis is wherethey act to
forceelectronandholeconcentrationssmoothlyto zero.[Actu-
ally, the quantumpotentialswould have to be infinite at the
oxide interfacesto force the carrier densitiesto exactly zero
there,sowe insteadsetthedensitiesat theinterfacesto a small
but non-zerovalue;10-8/cm3 wasusedin this work.] Thus,a
suitableconstrainton the valuesof the quantumpotentialsat
the oxide interfaces(a Dirichlet BC) is not available.By the
samereasoning,enforcinga NeumannBC on the (unknown)
gradientsof thequantumpotentialsis alsonot valid. Onesolu-
tion to this lack of quantumpotentialBCs at the oxide inter-
facesis to solve theentirefive-PDEmodelin theoxideaswell
asin theadjoiningsilicon andpoly gate.This alsoimplements
tunnelingin theDG model.In thiscase,thediscontinuityin the
quantumpotentialsis determinedby the silicon-oxide band
offsets,andthegradientswould becontinuousacrosstheinter-
face.A modelimplementingthis approachis beingdeveloped
[21].

Another solution to the boundarycondition challengeis to
use the quasi-Fermi(QF) model [22] of carrier transport,
which canbe describedasa changeof variablesfrom the DD
model. In the QF model, the continuity equations are:

; (3a)

(3b)

where, including DG quantumcorrections,the QF energies
are:

; (4a)

, (4b)

and is theintrinsic carrierconcentrationof thesemiconduc-
tor. In (4a) and(4b), we have assumeda Maxwell-Boltzmann
energy distribution of thecarriers.AnalysisusingFermi-Dirac
statistics,which is moreexactbut moreexpensive anddifficult
to implement, will be presented in the future.

Notefrom (3a)and(3b) thatat theinterfacebetweenasemi-
conductorandan insulator, the electronandhole QF energies

and in thesemiconductorhave zerogradientnormalto
the interface,since current flow into the insulator is
zero.[Recall that tunnelingcurrentis zero in this work.] The
DG versionof the QF modelcanusetheseconstraintson
and as the additional BCs neededto solve the quantum
potentialPDEs.Before writing the final DG model usedfor
this work, we note that only steady-statesimulationswere
used,sothetime derivativeswereeliminatedfrom thecontinu-
ity equations. Finally, the model solved in this work is:

, (5a)

, (5b)

, (5c)

, (5d)

. (5e)

The five solution variables for these PDEs, in order, are
. Expressionsfor thequantumconstants and

 are given in (2a) and (2b). From (4a) and (4b):

; (6a)

. (6b)

Note that the DG model in (5a) - (5e) is generic,in the sense
that it can be applied to any electronicdevice structure.By
contrast,other quantum-DDmodelsoften incorporatestruc-
ture-specificand localizedquantumcorrections[9]-[13], and
may not allow tunneling to be included.

For thiswork, weusedfixedmobilitiesof = 1500cm2/Vs
and = 500 cm2/Vs in (5b) and (5c), which are roughly
equal to the intrinsic valuesat room temperaturefor silicon
[23]. [Exact current predictionsare not being pursuedhere;
only quantumeffectsondevicebehavior. Moreaccuratemobil-
ity modelsareunderdevelopment.]For thequantumconstants
in (2a)and(2b),weused (light electronmassin
silicon)and (heavy holemassin silicon).These
valuesresult in a good match betweenDG simulationsand
experimentover a wide rangeof MOS device structures(see
SectionIII.A). All simulationswerefor devicesat room tem-
perature (300K).

We implementedtheabove density-gradientmodelin a par-
tial differentialequation(PDE) solver calledPROPHET[24].
This simulationtool provided several advantagesover the tra-
ditional approachof codinga numericalsimulatorspecifically
for theDG model.It allowedusto specifythetransportmodel
in a script file at a high level to a general-purpose(but highly
efficient) PDEsolver. Also, PROPHEThasthenecessaryfacil-
ities to solve the model in 1-D, 2-D, or 3-D for any specified
device andtestregime.Thus,thePDE-solver approachallows
for therapidinvestigationof a wide rangeof device structures,
transportmodelsand physical effects. Indeed, three signifi-
cantlydifferentversionsof theDG modelwereinvestigatedfor
this work. Using the conventional, model-specificapproach,
programmingall of the major and minor model variations
investigatedwould have takenmany timesaslong. Theclassi-
cal QF model was also implementedin PROPHET, and was
used for all classical model simulations.

III. RESULTS AND DISCUSSION

A. Thin Oxide MOS Capacitors

Theswitchingefficiency of aMOSFETis largelydetermined
by its gate capacitance,which measuresthe ability of gate
biasesto controlthecarrierdensityandthuscurrentflow below
thegateoxide(seeFigure1). Thus,it is critical for simulations
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to accuratelypredictgatecapacitance.The quantumrepulsion
of carriersfrom both gate and substrateoxide interfaces,as
depictedin Figure2, makestheoxideappearto betypically 1-
2 nmthicker thanit is. Thiseffect is alreadyquitenoticeablein
state-of-the-artcommercialproducts,which have gate oxide
thicknessesas low as 2 nm. The effect will quickly increase
over the next decade,with gateoxide thicknessespredictedto
shrink to 1 nm or less by 2012 [5].

To test this prediction, 1-D MOS capacitorswith oxide
thicknessesfrom 2 to 8 nm were simulated,and C-V curves
were comparedto thosefrom classicalsimulationsand from
experimentalmeasurementsof the samestructure[25]. As an
example, the electronand hole densitiesfor a 2.1 nm oxide
device biasedin inversionareshown in Figure3. Theresulting
carrierdensityprofileswereaspredictedin Figure2: nearzero
at the oxide interfaces,with the inversion or accumulation
chargepeak0.5to 1.5nmbeneaththeSi-oxideinterface,rather
thanexactly at the interfaceasin theclassicalmodel.Figure4
comparesC-V curves (capacitanceversusgate bias ) for
the 2.1 nm oxide MOS capacitor. As expected,the DG model

reproducesmeasureddatamuchmoreaccuratelythantheclas-
sical model for this very thin oxide.

To summarizethe resultsof the C-V simulationsover the
rangeof oxide thicknessconsidered,Figure5 shows the frac-
tional error in simulatedcapacitance(comparedto measured
data)versusoxide thicknessfor the classicalandDG models.
To simplify theplot, a singlegatebiasof = -2V (accumu-
lation) was chosen,since this condition is most critically
affected by quantumeffects and is least affected by other
unknown parameterssuchasthe poly dopinglevel [26]. Here
we seethat theDG modelmaintainsaccuracy at leastdown to
2 nm, while the accuracy of the classicalmodel deteriorates
rapidly for oxide thicknesses below 4 nm.

B. Short Channel MOSFET

As discussedin SectionI, 1-D simulationscanprovide only
limited knowledgeof device operation.2-D and 3-D simula-
tions areoften requiredfor an accurateanalysisof the opera-
tion of state-of-the-art (highly non-planar) devices. For
example,theMOSFEToperatingcurrent , whichflowshor-
izontally from sourceto drain,is largely controlledby thever-
tical electric field from the gate. Thus, modeling operating
currentaccuratelyrequiresat leasta2-D analysis.Ourprevious
work [26] wasthe first to show that 2-D simulationsarequite
feasibleusing the DG model.The fact that the DG model is
alsogeneral(not structure-specific)allows it to work without
modification or tuning for complex (e.g., non-planar)struc-
tures.

Figure6 shows thesimulateddraincharacteristic(draincur-
rent versusdrain bias at a seriesof gate biases)for a very
aggressively scaledMOSFETwith a 30 nm gatelengthand2
nm gateoxidethickness.This device approximatesthestateof
the art (or slightly beyond) in researchlabs [27]. Computed
draincharacteristicsfor boththequantum-correctedDG model
and the classicalquasi-Fermimodel areshown. At eachgate
bias,theDG currentis 20%to 70%below thatpredictedby the
classicalmodel.This representsa seriousdecreasein the cur-
rent drive capabilityof the device dueto quantumeffects.We
want to point out, however, that even this aggressively scaled

Figure 3: ClassicalandDG quantum-correctedcarrierdensityprofiles in a
MOScapacitoroperatingin inversion.Theinsetdetailstheelectronprofileson
a linear scale, showing the dramatic quantum correction at the oxide interface.
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30 nm MOSFETstill performslike a switch.Figure6 shows a
negligible simulateddraincurrentat logic-zerogatebias(0 V),
and significantdrain currentat logic-onebias (1 V). Admit-
tedly, the device is in needof extensive engineeringto mini-
mize short-channel effects.

One questionwhich needsto be answeredis whetherthe
reducedDG currentin Figure6 is dueto thereductionin chan-
nel charge, quantumtransporteffects along the channel,or
both.Figure7 comparesthe channelcharge anddrain current
from theDG simulation(relative to theclassicalvalues)at full
drainbias(1V) for the30 nm MOSFETsimulatedin Figure6.
The closematchbetweenthesecurves over the full rangeof
gate biasesindicatesthat the DG current reductionis domi-
natedby reducedchannelcharge, with only minor quantum
transporteffects.It makessensethatquantumeffectsareminor
in the transportdirection in the DG model, sincethis model
only significantlyaffectsthepotentialandcarrierprofilesnear
abruptheterojunctionsandinsulatinginterfaces.Therelatively
smooth potential in the transportdirection results in small
quantumpotentialsin thisdirection,andcorrespondinglysmall

quantumeffectson current.We notethat otherquantummod-
els which includethe effect of discretequantumenergy levels
in the channelmay predict more significantquantumeffects
due to carrier transport along the channel.

As final confirmationthattheDG modelandthis tiny 30 nm
MOSFET work correctly, Figures8 and 9 compareclassical
and DG simulations of the subthresholdcharacteristicand
DIBL (drain-inducedbarrier lowering versuschannellength)
for this device. In Figure8, thesubthresholdslopeis 90 to 92
mV/decadeof currentfor the classicalmodel,and105 to 110
mV/decadefor the DG model. Thus, quantumconfinement
effects significantly degrade the subthreshold slope.

In Figure9, DIBL wassimulatedby determiningthethresh-
old voltageversuschannellengthat maximumdrainbias(
= 1V). To createlongerchannelMOSFETs,the 30 nm device
wasstretchedat the centerof the channel.The thresholdvolt-
ageswascomputedasthegatebiasat which thepotentialbar-
rier to current flow betweensource and channel was the
negativeof thebuilt-in potentialin thesubstrate(0.494Vin this
case).In theclassicalmodel,this barrieris theclassicalpoten-
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tial at the gateoxide interface.In the DG model,the classical
and quantum potentials combine to produce the barrier
betweensourceandchannel,andthe minimum barrierto car-
rier flow is slightly beneaththe oxide surface.Figure9 shows
that theDG modelshifts thethresholdvoltageby about150to
200 mV. Further, DIBL is somewhat worse(thresholdvoltage
variesmorerapidly) with the DG model.In both cases,varia-
tion with channellength is very severe near 30 nm for this
device.Thus,althoughtheMOSFETworks,inevitableprocess
variationswould likely make this device structureunsuitable
for ULSI.

IV. COMPUTATIONAL EFFICIENCY

The forgoing simulation resultsshow that the DG model
makes it feasible to include quantumeffects accuratelyand
generallyin multi-dimensionalelectronicdevice simulation.In
this section,we go furtherto show thattheDG modelis in fact
quiteefficient in accomplishingthis. In particular, we compare
thecomputationalcostof theclassicalandDG modelsfor the
simulations in Section III.

For theMOScapacitorsimulationsof SectionIII.A, weused
a non-uniform1-D grid with 320 to 450points(dependingon
oxide thickness)for bothclassicalandDG simulations.On an
SGI O2 workstation,a typical C-V curve trace(81 biaspoints)
took40secondsfor theclassicalmodel,and74secondsfor the
DG model.For this case,computationtime includingquantum
effectswith theDG modelis lessthana factorof 2 larger than
that for purely classical simulations.

For simulating MOSFET I-V curves in Section III.B, we
usedan identical2-D grid with about1750pointsfor both the
classicalandDG simulations.On thesameworkstation,a typi-
cal I-V curve trace(51 biaspoints)took 452secondswith the
classicalmodeland2383secondsfor the DG model.We note
thattheDG modelin SectionII provedto beunstableat times,
in which casewe useda slightly modifiedmodelwith and

assolutionvariablesratherthan and . An unresolved
error in theJacobianfor themodifiedDG modelresultsin lin-
earconvergence(ratherthanquadratic),anda correspondingly
longersimulationtime.Thus,computinganI-V curve with the
modified DG model requires typically 5400 seconds.

TheseDG modelcomputationtimesshouldbe comparedto
theordersof magnitudeincreasein computationtime for more
rigorous quantum models, such as those based on the
Schrödingerequation[28] or Green’s functions[29]. Sincethe
DG model is only moderatelymorecomputationallydemand-
ing thantheassociatedclassicalmodels,it canevenbefeasibly
solvedin 3-D [30]. More importantly, theDG modelleverages
all of the tuning and optimization of the industry standard,
classicaldrift-diffusion model.Thus, the DG model provides
practicalinsight into quantumeffects in ultra-smallelectronic
devices without the uncertainaccuracy or meticuloustuning
effort that face more rigorous quantum models.

V. CONCLUSIONS

In summary, we presentedthe density-gradientasa compu-
tationally efficient meansof including quantum effects in
multi-dimensionalelectronic device simulation suitable for

future MOSFET technology. Computationtime is typically 2
to 10 timesthatfor thepurelyclassicalmodel,makingit possi-
ble to run 2-D electronicdevice simulationsroutinely on a
workstation.With the simulation of numerous1-D and 2-D
MOS devices,we alsodemonstratedthe robustnessof theDG
model.In MOS capacitorsimulations,classicalmodelpredic-
tions rapidly diverge from measuredresultsfor oxide thick-
nessesbelow 4 nm,while theDG modelmaintainserrorbelow
a few percent down to 2 nm.

In simulationsof a 30 nm gate length MOSFET, quantum
effects are predictedto reducecurrent drive by up to 70%.
According to the DG model, this currentreductionis almost
entirelydueto thereducedinversionchargeresultingfrom ver-
tical quantumconfinement,while horizontalquantumtransport
effectsalongthechannelareminimal.Finally, we showedthat
quantumeffects degradethe subthresholdslopeof this small
MOSFETby 15-20mV/decade,and increaseDIBL. We con-
cludethat the inclusionof quantumeffectsis essentialfor the
accuratesimulation of 30 nm scaleMOSFETs,and that the
density gradient model is an efficient way to accomplish that.
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